This study investigated the nucleotide sequences and tissue expression levels of genes relating to the ovulation rate in Yunling black goats, a famous Yunnan province, China, local breed with low fecundity. Five genes, FSHB, FSHR, BMP15, BMPR1B, and ESR2, were investigated; the complete cDNA sequences of these genes were 390, 2088, 1185, 1509, and 1585 bp, respectively, and compared with Boer goats (a more fecund breed), the sequence identities were 99%, 99%, 99%, 100%, and 99%, respectively. There were two base differences in FSHB and BMP15, four in FSHR, and three in ESR2. There were fewer follicles and oocytes in Yunling black goats than in Boer goats. Expression levels of FSHB, FSHR, and BMP15 genes in Yunling black goats were lower, and expression levels of BMPR1B and ESR2 genes were higher. Serum FSH content was lower in Yunling black goats, but serum estrogen content was higher. Protein expression levels of FSHR, BMP15, BMPR1B, and ESR2 in ovary and pituitary correlated positively with gene mRNA expression levels. In Yunling black goats, the mRNA expression levels of FSHB, FSHR, and BMP15 positively correlated with litter size, but those of BMPR1B and ESR2 correlated negatively. Together, base changes and variations in mRNA and protein expression levels of genes relating to the ovulation rate result in low fecundity in the Yunling black goat. Reduced BMP15 and FSHR levels may be related to the observed fewer oocytes
INTRODUCTION
Reproductive rate, especially fecundity, is one of the most economically important traits in animal production and is regulated by genetic and environmental factors. Ovulation rate can be a major determinant of reproductive efficiency. The processes of recruitment and selection lead to the development of numbers of ovulatory follicles that vary among species and breeds [1] .
Advances in molecular techniques can be used to increase the rate of response to selection. It has been proposed that candidate gene analyses could be used to identify individual genes responsible for traits of economic importance. As a glycoprotein hormone secreted by pituitary gland, FSH has a central role in follicle growth and maturation through interaction with a specific receptor [2, 3] . The FSH receptor (FSHR) is a member of the G protein-coupled seventransmembrane receptor family, is expressed by granulosa cells [4] , and is detected in ewes in the earliest stage of follicular growth [5] . Active and unreactive mutant forms of FSHR exist. However, if FSHR is insufficient, animals will most likely be sterile [6] . Research on FSHR [7] has revealed that a mutation in base 680 of the gene from Asn to Ser resulted in depression of FSH activity. It has also become evident that partially inactivating mutations of FSHR can cause an arrest at the early or later stage of follicular growth [8] . Given the crucial function of FSH action on gametogenesis, screening for mutations in the FSHR gene has been implemented in the search for causes of infertility [9, 10] .
The oocyte-secreting bone morphogenetic protein 15 (BMP15 [also known as GDF9B]) has been shown to be essential for ovarian follicular development in rodents, sheep, and humans [11] [12] [13] [14] . It has also been shown to regulate ovulation rate in sheep [15] [16] [17] [18] . The roles of BMP15 seem to differ among species. Mice lacking Bmp15 [19] have only minor defects in follicular growth, but sheep with inactivating mutations are infertile [16, 17] . These observations could potentially be related to differences in the response of granulosa cells to BMP15. BMPR1B (also known as ALK6) has been identified as a potential receptor for BMP15 [20] , which suggests that the underlying mechanisms used to increase ovulation rate in some lines of sheep may be similar. A mutation in BMPR1B has been associated with abnormal ovulation rate [5] , and an increasing ovulation rate is observed in ewes that are homozygous carriers for the mutation. The BMP receptor pathway is important for ovarian function because mutations in BMPR1B are associated with increased ovulation rate in ewes [21, 22] . There are two estrogen receptors, ESR1 and ESR2, located in reproductive organs. ESR1 protein can regulate the individual reproductive process and has a role in ovulation efficacy, including the development of reproductive organs and the maturity of granulosa cells. ESR2 protein seems to be involved in follicular growth and maturation [23] , whereas the expression of ESR2 is low in the corpora atretica and oocytes.
These genes have been studied in sheep, mouse, cows, and other animals, but there is little information about them in goats, especially some local species. The Yunling black goat is an indigenous species with low fecundity in the Yunnan province of China. Little is known about their basic reproductive biology at the molecular level. Therefore, in this study, genes related to ovulation rate were investigated to examine whether base mutations or expression levels of mRNA and protein could explain low fecundity of the Yunling black goat, with the Boer goat (a prolific breeding species) used as a control.
MATERIALS AND METHODS

Animals and Sample Collection
All experimental procedures were performed according to the guide for animal care and use of laboratory animals of the Institutional Animal Care and Use Committee of Yunnan Agricultural University. The animals were supplied by the Yunnan Breeding Goat Farm during the breeding season (April to May). Yunling black goats and Boer goats, aged 2-3 yr, were kept in a sheltered outdoor paddock and were provided with alfalfa hay and concentrate, with clear water available ad libitum. Estrus was detected twice a day, and a goat was considered in estrus only when she allowed the male to mount.
Yunling black female goats (n ¼ 12) and Boer goats (n ¼ 12) at the same time of estrus were selected for this study. The litter sizes of each breed were recorded and are given in Table 1 . Twenty-four hours after estrus (in the middle of estrus), blood was collected from the jugular vein, and serum was separated and stored at À208C for hormone analysis. Goats were then slaughtered for collection of ovaries and pituitaries. Part of the removed tissue samples was snap-frozen in liquid nitrogen and then stored at À808C to be used for RNA extraction.
Classification of Ovarian Follicles
Visible follicles on the surface of the ovaries were classified according to diameter into large (.5 mm), medium (.3 to 5 mm), and small (1-3 mm) categories, and the respective numbers were recorded. The diameters of large and medium follicles were measured with the aid of a caliper, while small follicles were measured according to a scale made on the bottom of a transparent dish under a dissecting microscope. Numbers of oocytes were counted histologically after sectioning the ovary according to the method by Matos et al. [24] . Briefly, goat ovaries were collected and stripped of all fatty tissue and ligaments and cut in half, following by removal of the medulla and corpora lutea. The ovarian cortex was then dissected into tissue samples and observed by dissecting microscope. Follicles surrounded by granulosa cells, well-organized in one or more layers, were classified as intact oocytes and counted.
Hormone Determination
Plasma concentrations of FSH and estrogen were measured by RIA using commercial kits (Jiuding Biotechniques Ltd.). The intraassay coefficients of variation were 9.8% and 12.6%, and the interassay coefficients of variation were 5.7% and 7.4%.
Reverse Transcriptase-Polymerase Chain Reaction
Total RNA was isolated from pituitary and ovary tissues using Trizol reagent according to the manufacturer's protocol (Takara). RNA was stored at À808C before use. Two micrograms of tRNA was used for the reverse transcription in a final volume of 25 ll according to the manufacturer's instructions (Promega). The PCR was performed in the presence of 1.5 mM MgCl 2 , 200 lM deoxyribonucleotide triphosphate mixture, 1.5 IU of Taq polymerase, and 50 pmol of the forward and reverse primers in a final volume of 50 ll. All primers (Table 2) were designed according to sheep nucleotide sequences in GenBank using Primer Premier 5 and were synthesized by Shanghai Shenggong Biological Company (Shanghai, China). The FSHB and ESR2 (estrogen receptor in pituitary) genes were amplified using pituitary RNA. FSHR, BMPR1B, BMP15, and ESR2 (estrogen receptor in ovary) genes were amplified using ovary RNA. The expected length of the PCR products included the complete coding and noncoding sequences so that the complete coding sequences of FSHB, FSHR, and BMPR1B could be obtained by analysis of the expected nucleotide sequence. The complete coding sequence of ESR2 was obtained by splicing the ESR2A and ESR2B nucleotide sequences. The complete coding sequence of BMP15 was directly amplified. Optimal PCR conditions (Table 3) were defined for amplifications.
Aliquots of the PCR products were analyzed by electrophoresis in 1.5% agarose gels. The gels were stained with ethidium bromide and photographed using a digital camera. The final products were cloned into pGEM-T Easy vector (Takara) and sequenced (Takara). Nucleotide and amino acid sequences were analyzed using DNASTAR software.
Real-Time PCR Analysis
Real-time PCR was performed to quantitate the expression of FSHB, FSHR, BMP15, BMPR1B, and ESR2 mRNA. Each 25-ll PCR mixture contained 12.5 ll of 23iQ SYBR Green Supermix, 0.5 ll (10 mM) of each primer (Table 4) , and 1 ll of cDNA. Mixtures were incubated in an iCyler iQ Real-Time Detection system (Bio-Rad) programmed to conduct 40 cycles (958C for 15 sec 
Western Blotting
Whole frozen ovary or pituitary samples (0.5 g) were homogenized on ice in 700 ll of buffer A (50 mM Tris-HCl [pH 7.5], 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10% glycerol containing 1% Triton X-100, 5 lM aprotinin, leupeptin, and pepstatin). The lysates were centrifuged at 6000 3 g for 20 min at 48C to remove insoluble material. Thereafter, the supernatant extracts were collected, and protein concentration was determined using a commercial kit (Nanjing Jiancheng Biotechnology Company). The extracts were frozen at À808C until Western blot analyses were performed.
To measure FSHR, BMPRIB, BMP15, and ESR protein expression, 50 lg of total whole protein extract was separated by SDS-PAGE (12% resolving gel), transferred to a nitrocellulose membrane, and probed with rabbit polyclonal anti-FSHR, BMPRIB, BMP15, and ESR antibodies diluted 1:500, 1:800, 1:1000, and 1:2000, respectively (Sigma) overnight. The membranes were then probed with a goat anti-rabbit IgG-horseradish peroxidase conjugate (1:20 000) (Sigma) for 1 h at room temperature. Blots were developed using the SuperSignal West Pico Chemiluminescent Substrate system (Bio-Rad) and imaged onto microfilm for image analysis and densitometry. Signal intensity was quantitated using Quantity One 1-D Analysis software (Bio-Rad).
Statistical Analysis
Data were analyzed using the general linear model procedure of SAS (version 8.0; SAS Institute, Inc.). Statistical differences in relative mRNA and protein expression between experimental groups were assessed by Student t-test. All experimental data are presented as mean 6 SEM. Differences were considered statistically significant at P , 0.05 or P , 0.01.
RESULTS
Litter Size, Number of Follicles, and Serum Hormone Content
The average litter size for each of the Boer goats and Yungling black goats is given in Table 1 . The average litter size for Boer goats (2.4 6 0.1) was significantly greater than that for Yungling black goats (1.4 6 0.1) (P , 0.01). There were significantly more small and large follicles and oocytes in Boer goats than in Yunling black goats (P , 0.05). The numbers of medium-sized follicles did not differ significantly between the two goat breeds (P . 0.05). The serum FSH 
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content of the Yunling black goat was lower than that of the Boer goat, whereas this relationship was reversed for serum estrogen (P , 0.05 for both) ( Table 5 ).
Cloning and Sequencing of Genes
From mRNA analysis, the expected sequence lengths of FSHB, FSHR, BMP15, BMPR1B, ESR1A, and ERS2B were 583, 2210, 1182, 1566, 640, and 981 bp, respectively (Fig. 1),  with open reading frames of 390, 2088, 1185, 1509 , and 1585 bp, respectively. All sequences were deposited in the GenBank database (accession numbers, EU847282-EU847291). Analysis of the FSHB, FSHR, BMP15, BMPR1B, and ESR2 nucleotide sequences showed that the Yunling black goat PCR products were 99%, 99%, 99%, 100%, and 99% identical to the Boer goat PCR products, respectively. The deduced amino acid sequences of FSHB, FSHR, BMP15, BMPR1B, and ESR2 showed 99%, 99%, 100%, 100%, and 99% identity, respectively. The differences in nucleotide and amino acid sequences between the two breeds are given in Table 6 . FSHB base changes at nucleotides 151 (C to T) and 360 (G to C) result in amino acid substitutions (H to Y and R to S). The observed FSHR base changes at nucleotides 486 (A to C), 1042 (C to G), 1930 (T to A), and 2036 (T to C) also result in amino acid substitutions (R to S, P to A, F to I, and T to I ). However, BMP15 base changes at nucleotides 825 (A to T ) and 1000 (A to C) produce no amino acid substitutions. There were no base differences in the BMPR1B gene of the two goat breeds. ESR changes at nucleotides 1341 (A to G), 1348 (G to A), and 1525 (C to T) resulted in amino acid substitutions (V to M and R to C). 
CUI ET AL.
Messenger RNA Expression Level Figure 2 shows that the expression levels of BMP15, FSHB, and FSHR mRNA in the Yunling black goat were significantly lower than those in the Boer goat (P , 0.01, P , 0.05, and P , 0.01, respectively). The expression levels of BMPR1B and ESR2 genes in ovary and pituitary in the Yunling black goat were significantly higher (P , 0.05). Figure 3 shows that BMPR1B and ovary and pituitary ESR2 gene expression levels demonstrated no significant correlation at the 95% level (r ¼ 0.8824, r ¼ 0.9346, and r ¼ 0.9284), respectively, but there was significant positive correlation between FSHB, FSHR, and BMP15 gene expression levels (r ¼ 0.9540, r ¼ 0.8896, and r ¼ 0.8557), respectively, and average litter size in the Yunling black goat. The difference was significant between the two goat breeds (P , 0.05 and P , 0.01). Figure 4 shows that the expression levels of BMP15 and FSHR protein in the Yunling black goat were significantly lower than those in the Boer goat, while ESR2 protein levels in the ovary and pituitary of the Yunling black goat were significantly higher (P , 0.05 for all). There was no significant
Relationship Between mRNA Expression and Litter Size
Protein Expression Level
FIG. 3. Relationship between mRNA expression and average litter size (n ¼ 12).A) Pituitary FSHB. B) Ovary FSHR. C) Ovary BMP15. D) Ovary BMPR1B. E) Ovary ESR2. F) Pituitary ESR2.
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223 difference in expression levels of BMPR1B protein in the two goat breeds (P . 0.05).
DISCUSSION
There are many factors that affect the ovulation rate in goats, including genetic and environmental variables [1] . This study has attempted to lay a foundation for elucidating the molecular mechanism of reproduction in the Yunling black goat.
Analysis of FSHB, FSHR, BMP15, BMPR1B, and ESR2 nucleotide and amino acid sequences revealed a high degree of identity between the two goat breeds, although base changes in FSHB, FSHR, and ESR2 resulted in amino acid substitutions in the translated proteins. However, base changes in BMP15 did not lead to any amino acid changes, and there were no differences in the BMPR1B genes. Although these five candidate genes were maintained in both breeds, the amino acid substitutions might induce a change in the conformation of the protein structure, thereby affecting the signaling pathway during follicle differentiation and ovulation.
Previous studies [5, [25] [26] [27] [28] [29] have shown that plasma concentrations of FSH at some stages of the estrus cycle are higher in prolific breeds than in nonprolific breeds. Our results confirm this and show that there were fewer oocytes and follicles in the Yunling black goat compared with the Boer goat, suggesting that FSH level is directly associated with litter size. In Yunling black goats, the correlation between litter size and FSHB mRNA expression levels was positive. The expression level of FSHB mRNA was significantly lower in Yunling black goats, which is consistent with the lower FSHB protein levels in this breed. These results suggest that FSHB regulates fecundity in Yunling black goats and may be the reason for the low ovulation rate and fecundity observed in this breed. Because the physiological function of FSH is mediated by FSHR, the significant increase in ovulation rate observed in prolific vs. nonprolific sheep could be explained by differential FSH content. In addition, investigations have indicated that prolific sheep and cattle have higher FSHR expression in ovaries [30] [31] [32] and that the level of FSHR mRNA in developing follicular cells is higher in polyembryonic sheep than in single-birth sheep breeds [33] . These results indicate   FIG. 4. Protein expression levels (n ¼ 12) . A) Ovary FSHR. B) Ovary BMP15. C) Ovary BMPR1B. D) Ovary ESR2. E) Pituitary ESR2. 1, Yunling black goat; 2, Boer goat. *P , 0.05. **P , 0.01.
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that FSH might be regulated by the expression level of FSHR. The present study has shown that the expression level of FSHR mRNA in the Yunling black goat is lower than that in the Boer goat, with a positive correlation between the expression level of FSHR mRNA and litter size. FSHR was shown to be a gene that positively regulates fecundity in Yunling black goats. Because the expression level of FHSR protein was low in the Yunling black goat, the reaction of the follicle to FSH was insensitive. There were fewer ovulations, with the consequence that Yunling black goats had low fecundity. Therefore, the low expression levels of FSHR mRNA may be a reason behind low fecundity in these animals.
The high expression level of ESR2 mRNA in ovary granulosa cells suggests that estrogen mainly regulates the growth, differentiation, and maturation of granulosa cells [23] . Esr2 knockout mice develop normally, but their litter sizes are decreased compared with wild-type mice [34] . In our study, the ovary ESR2 mRNA and ESR2 protein expression levels in Yunling black goats exceeded those in Boer goats, a relationship also found in the pituitary. A negative feedback of estrogen on FSH reported elsewhere [35] was also noted in the present study. Compared with the Boer goat, ovary estrogen gene expression in the Yunling black goat was elevated, and serum estrogen was increased. The combination of estrogen with the estrogen receptor was enhanced. Pituitary ESR gene and protein expression levels were also increased. Feedback inhibition of FSH by estrogen was enhanced. Accordingly, pituitary FSH gene expression levels and serum FSH were depressed, and the binding of FSH to FSHR was reduced. Ovary FSHR gene and protein expression levels were decreased. Therefore, the reduced ovulation rate in Yunling black goats may be due to the lower concentration of FSH through enhanced negative feedback mechanisms by estrogen.
BMPR1B has an important role in the fecundity of female animals [36] . If it is absent, the development of follicles stops. A mutation in site 749 (A-G) of the BMPR1B coding sequence causes a variance in the productivity of sheep by accelerating follicle maturation and by increasing ovulation and litter size [14] . The mutated BMPR1B was shown to be a central gene regulating the polyembryony of prolific sheep, but the mutation did not affect the expression level. Therefore, perhaps the regulation of follicular development occurs because of an alteration in the signal transduction passageway [36] . Our results have shown that there were no structural differences in the BMPR1B gene of the two goat breeds and that the expression levels of BMPR1B mRNA and BMPB1B protein were similar. Therefore, while BMPR1B may have contributed to low fecundity in Yunling black goats, it is not a major factor. BMP15 has a critical role in ovarian function [33, [37] [38] [39] . Sheep lacking BMP15 have arrested folliculogenesis at primary follicles and are sterile [5] . The expression level of the BMP15 gene in the Boer goat was significantly higher than that in the Yunling black goat, with a correlation coefficient (r) between the expression level and litter size of 0.8557. Therefore, BMP15 has a role in low fecundity of Yunling black goats, and the low expression level of BMP15 may be a reason behind low fecundity in this breed.
To our knowledge, this is the first study to investigate the nucleotide and amino acid sequences and expression levels of FSHB, FSHR, BMP15, BMPR1B, and ESR2, which together contribute to low fecundity of the Yunling black goat. Although all of these genes have a role in regulating the fecundity trait in these goats, their individual roles in regulating ovulation were minimal. The most notable finding was that reduced BMP15 gene expression and a mutation in FSHR may be related to reduced oocyte numbers and, consequently, to reduced follicle numbers. Further research will be necessary to more thoroughly understand the mechanisms behind low fecundity in the Yunling black goat.
